Summary We investigated the sensitivity of dormant Polish-provenance Fraxinus excelsior L. seeds to extreme desiccation and liquid nitrogen (LN, À196°C). Germination and seedling emergence tests revealed that the critical water content (WC) of the desiccated seeds was 0. A 2-year seed storage period in LN after desiccation to a safe WC did not decrease the germination after thawing as compared with a 2-year seed storage at À3°C. When the seeds were stored in LN after dormancy breaking, the germination rate after storage was lower, because the seeds had to be desiccated to the lower level ($ 0.11 g g
Introduction
Deterioration of the physiological condition of seeds stored in gene banks is a major problem that remains to be solved for large-scale, long-term seed storage. Technological advances in plant cryopreservation have revealed many possible methods for successful long-term storage of genetic resources in gene banks. At À196°C, the temperature of liquid nitrogen (LN), cell metabolism in stored seeds ceases almost entirely (Walters et al. 2004) . Therefore, the stored seed lifetime (potential shelf life) in nitrogen vapour could be about 500 years, while in LN, the seeds would probably survive for 3,400 years (Walters et al. 2004) .
During cryoprotection and cryopreservation, desiccation of seeds or isolated tissues is usually conducted in a laminar chamber under sterile air current. A more reliable method is seed or tissue desiccation in closed containers filled with a specified volume of dehydrated silica gel (Uragami et al. 1990) . Drying in air is applied to orthodox seeds, zygotic embryos, embryonic axes or somatic embryos . Very fast drying in air (termed flash or ultra-rapid drying) is also effective in the case of zygotic embryos of some recalcitrant species, i.e., those sensitive to desiccation (Berjak et al. 2000) .
European ash is a hardwood species that is important for the economy and for forestry in Poland and in many other countries (Suszka et al. 1996) . Mature seeds of this species are classified as orthodox (Roberts 1973 , Suszka et al. 1996 , i.e., they tolerate desiccation to a relatively low WC of seeds. Drying seeds to moisture content (MC) 7-10% (WC 0.08-0.11 g g À1 ) did not reduce the germination, and allowed them to be stored safely (at À3 to À5°C) for at least 10 years (Suszka 1987) . Seed desiccation after stratification at <15°C to WC 12% (0.14 g g À1 ), and storage in tightly closed containers at À3°C for 80 weeks (Tylkowski 1990 ) decreased the germination rate from 73% to 64%, when compared with nonstored seeds. European ash seeds are characterized by morphophysiological dormancy (Finch-Savage and Clay 1997, Baskin and Baskin 2004) . This type of dormancy is caused simultaneously by the exogenous, inhibitory effect of the pericarp, the endogenous morphological dormancy caused by embryo immaturity and deep endogenous dormancy due to a physiological mechanism inhibiting germination (Nikolaeva et al. 1985) . Breaking the dormancy of these seeds requires warm-cold or cold-only stratification, which can sometimes be replaced by gibberellin treatment.
To verify our hypothesis that European ash seeds of Polish provenances tolerate deep dehydration and storage in LN, seeds in samaras were desiccated to different levels of water content (WC) and then cryopreserved. We determined the safe and critical WC of dried seeds (sensitivity to deep dehydration) and the range of safe WC of seeds frozen in LN (freezing for 24 h). Using dormant seeds and seeds whose dormancy had been broken (after stratification), we also investigated the effect of longer, 2-year storage in LN on seed germination and seedling emergence after thawing. In the case of European ash, the word 'seed/seeds' refers to the true seed with the pericarp (true seed + pericarp = samara), which is the germination unit for this species.
Materials and methods

Water content of seeds
Depending on the planned seed WC, with an initial WC of 0.11 g g À1 were dried over activated silica gel or imbibed in a tightly closed vessel, and the seed sample weight was controlled. The required weight of seeds, corresponding to the measured WC, was calculated using a formula (Suszka 1975 ).
To reach a higher seed WC (imbibition), they were sprayed several times with water to a specified weight and then left in tightly closed containers (conditioning) for 5-7 days at 3°C to even out the WC of the pericarp and true seed. Seed WC levels < 0.11 g g À1 were reached by slow seed desiccation above activated silica gel. The desiccation lasted no longer than 2-3 weeks (drying to the lowest levels of WC, ca. 0.04 g g
À1
). However, the duration of drying seeds to the higher (> 0.04 g g À1 ) levels of WC was usually from one to several days. The seeds were placed on a blotting paper (in a layer with a thickness not exceeding double the seed size). Differences between the individual seed WC levels were usually about 0.02 g g
, within a WC range of 0.04-0.33 ± 0.01 g g À1 .
The WC of seeds was assessed each time in three replications of 10 seeds each by drying at 103 ± 2°C for 17 h, when the seeds had reached constant dry mass. The water content was expressed on a dry mass basis (as a g H 2 O g À1 dry mass, g g À1 ).
Drying of stratified seeds before storage for 1 or 2 years in LN or at À3°C was conducted at room temperature for 1-2 days to a WC level within the desired, previously determined, safe range of WC. The range was determined on the basis of tolerance using seeds with 13 levels of WC (range 0.04-0.33 ± 0.01, provenance Ko´rnik) to the temperature of LN for 24 h.
Cryopreservation
Before freezing at the temperature of LN, the seeds were placed in cryoflex tubes (polyethylene, elastic cylinders ca. 1 cm in diameter, 5-15 cm long, sealed at both ends).
During storage for 1 and 2 years, the seeds tightly sealed in cryoflex tubes were placed in a 100-l container (GmbH, Germany). The material was frozen by direct plunging into LN. Samples of seeds were stored in LN throughout the study period, and control seeds were stored in a similar way at À3°C. To assess the effect of storage before and after dormancy breaking on seed viability, the seeds were stored at the temperatures mentioned above before or after stratification. The level of LN in the freezer with the samples was controlled for 2 years using a LN level control system.
After freezing in LN, cryoflex tubes containing seeds were thawed at 40°C in a water bath for 15 min. After storage at À3°C, the seeds were thawed at room temperature.
Stratification
European ash seeds were prepared for germination by means of stratification without any substrate, i.e., by repeated soaking in water. The seeds were then placed in plastic boxes and soaked in tap water for an hour. Then, water was drained from the boxes while the moist seeds were covered with a lid. Next, the boxes with wet seeds were placed in thermal conditions that were suitable for breaking seed dormancy (Tylkowski 1994a (Tylkowski , 1994b . The soaking was repeated every week during the warm stage of stratification at 15°C for 16 weeks, and every 2 weeks during the cold stage at 3°C for 16 weeks. The condition of seeds was observed (for fungal infections), and the first germinated seeds were counted (i.e., those with radicles 2-3 mm long, which are the visible signs of dormancy release) if they were present (Tylkowski 1994a (Tylkowski , 1998 .
Germination and seedling emergence tests
Seed germination tests were performed after stratification in darkness, in a moist mixture (v/v, 1:1) of quartz sand fraction < 1 mm with sieved peat at pH 3.5-4.5. The substrate was kept moist (Gordon and Rowe 1982) . Seeds mixed with the substrate at a ratio of 1:3 were placed in 0.25-l plastic bottles. Each bottle was closed with a lid with several holes 0.5 cm in diameter, which enabled gas exchange with ambient air and simultaneously protected the substrate with seeds against excessive drying. The condition of seeds and the substrate was checked and controlled weekly. Optimum thermal conditions for seed germination were ensured by cyclically alternating temperatures from 3/15°C (16 and 8 h a day, respectively). Each week, the germinated seeds were counted and water in the substrate was replenished. Germination tests were performed after 1-and 2-year storage.
Seedling emergence tests were also conducted in a mixture of sand with peat, similar to that used for the stratification and germination tests. For this test, seeds after stratification were sown in plastic boxes, into the substrate at a depth of 1 cm, and covered with a layer of sand. To ensure suitable moisture, the boxes were covered with a transparent lid (allowing penetration of light to the emerging seedlings) which was removed when seedlings reached ca. 2-3 cm in height. Seedling emergence tests, like germination tests, were conducted at cyclically alternating temperatures (3/15°C, 16 + 8 h a day), until the seedlings reached ca. 2-3 cm in height. The boxes with seedlings were next moved to light (60 lmol m À2 s À1 for 16 h a day) in a chamber with a controlled temperature of 25°C.
Applied nomenclature concerning seed evaluation and germination tests
The term 'cutting test' was used in this study to denote the seed viability evaluation (4 · 50 seeds) performed after germination test (final evaluation). The seeds were cut along the longitudinal axis (with a scalpel), across cotyledons and the embryonic axis.
In the group of nongerminated seeds (that did not germinate until the end of the germination test), healthy and decayed seeds were distinguished. The results are indicated in percentage, as a mean of all replications, for each fraction separately. Healthy seeds had white, fleshy and shiny cotyledons and embryo axes. The seeds that decayed partly or completely as a result of primary infection (i.e., originating from this seed) were classified as decayed seeds. Such seeds did not develop into seedlings.
Statistical analysis
Data were analysed using STATISTICA software (StatSoft, Inc., StatSoft Polska, Krako´w, Polska, 1995 . To analyse the significance of differences between mean values, analysis of variance (ANOVA) was applied, as was the Tukey test for pair-wise comparisons. The Tukey test was performed after arc-sine transformation at a significance level of P < 0.05. Separate ANOVAs and Tukey tests were performed for germination and emergence. All variables used in the experiments (time of seed storage, the way of seed storage and the seed storage temperature) were fixed. Three-way ANOVA was used for a table: the time of storage (1 or 2 years), the way of seed storage (before or after stratification) and storage temperature (À3 or À196°C). Twoway ANOVA was used for data representation in Figures  1 and 2 : the seed WC (13 levels of seed WC) and the seed treatment (ÀLN and +LN) .
In the tests of germination and emergence, each experimental variant included four replications of 50 seeds each.
Results
Germination of seeds, after desiccation to WC 0.06 g H 2 O g À1 dry mass (g g
À1
) and stratification, was maintained at a high level (ca. 55-70%). The seeds lost the ability to germinate after dehydration to WC 0.04 g g
. The germination of seeds dried to WC 0.04 g g À1 was 23%. Seedling emergence was significantly lower at seed WC 0.04 g g À1 and even at 0.06 g g À1 (Figures 1 and 2) . Germination, % with the same WC, after freezing in LN, the proportion of nongerminated healthy seeds decreased, and the proportion of germinated seeds increased (6%). Because of this, the germination at this WC level (0.06 g g À1 ) increased from 48% (before freezing) to 67% (after freezing) (Figure 1 ).
For seeds frozen at WC 0.27 g g
, germination decreased to 30% and seedling emergence to 20% (Figures  1 and 2) . At an even higher WC (0.31 g g À1 ) during storage, no seedlings emerged after thawing (Figure 1) .
After freezing for 24 h in LN, seeds with WC 0.14 g g À1 germinated till week three with a higher vigour than control seeds, but from week four no such differences were observed, and on the last day of the germination test the percentage of germinated seeds after LN treatment was practically equal to the percentage of control seeds ( Figure 3A) . Seedling emergence was more vigorous for seeds that were frozen for 24 h in LN, when compared with nonfrozen seeds ( Figure 3B ).
Cryostorage for 1-2 years
The time of stratification, i.e., before or after storage of seeds for 2 years at À3 or À196°C, had a significant effect on seed viability after thawing. Storage of nonstratified seeds in LN was more beneficial (mean germination 78% and seedling emergence 55%) than was the storage of the same seeds in LN after stratification and desiccation (mean germination 55% and seedling emergence 36%), Table 1 . After 1 and 2 years of seed storage, the differences were not significant for seed germination, also for seedling emergence in storage for 2 years (Table 1) . For seeds stored in LN after stratification, the proportion of healthy nongerminated seeds increased (to ca. 30%) in comparison with that of seeds stored in LN before stratification (0%) ( Table 1) . Storage temperatures (À3 and À196°C) did not cause significant differences in germination and seedling emergence after 1 or 2 years of seed storage in LN, Table 1 .
Discussion
The results of this study indicate that dormant seeds of European ash (orthodox category) (Heit 1967 , Suszka et al. 1996 , Tylkowski 1990 , 1995 , 1998 lost their ability to germinate after desiccation to WC 0.06 g g
À1
. Załęski and Anis´ko (2003) obtained similar results in their research on the sensitivity of European ash seeds to deep dehydration. Such a relatively high critical WC of dried seeds is not typical of orthodox seeds. However, Tweddle et al. (2003) reported that a low seed tolerance to drying is more common in species producing dormant seeds, as in the case of European ash, than in species producing nondormant seeds. The lower tolerance of European ash seeds to desiccation, as compared with other orthodox seeds, is due to their specific anatomic structure, which is not fully developed, and their growth, which continues after fruit shedding from trees (Villiers 1971 , Suszka et al. 1996 , Tylkowski 1998 . Kuhn et al. (1995) reported that European ash seeds can be stored for up to 5 years. Nevertheless, most researchers (Vlase et al. 1973 , Suszka 1987 , Tylkowski 1995 believe that the seeds of this species, dried to WC 8-10% (0.09-0.11 g g À1 ), can be safely stored in tightly closed containers (at À3 to À5°C) for at least 10 years. Our data on the critical WC of ash seeds (estimated at about 5% [0.06 g g À1 ]) were not in agreement with the findings of Jahnel and Zentsch (1961) . They showed that drying of European ash seeds to MC 3.7% (WC 0.04 g g À1 ) did not have any effect on seed viability. In this study, drying of seeds to WC 0.06 g g À1 already completely inhibited seedling emergence, although the germination was still relatively high (55%). The greater sensitivity of seeds of this species to desiccation may result from the incomplete morphological development and deep physiological dormancy of the embryo (Nikolaeva et al. 1985) . Tweddle et al. (2003) found that the seeds with physical dormancy are characterized by a high tolerance to desiccation, as compared with the seeds with other types of dormancy. This was confirmed by the results of this study on the germination of deeply dehydrated European ash seeds. The seed cryopreservation experiments in this study showed that European ash seeds dried to WC 0.12 g g À1 tolerated storage at À196°C for 2 years and maintained a high germination and seedling emergence. There are only a few reports in the literature that describe the storage of European ash seeds in LN. According to the tetrazolium test (TTC) of isolated embryos, a 48-h cryopreservation of seeds dried to MC 10% (WC 0.11 g g
) did not result in Figure 3 . Fraxinus excelsior germination (A) and seedling emergence (B) for seeds with WC 0.14 g g À1 untreated (ÀLN) and treated (+LN) with LN for 24 h, provenance Poznan´. a decrease in seed viability after thawing (Kuhn et al. 1995 ). As we have found for seeds of Acer pseudoplatanus L. and Fagus sylvatica L. frozen in LN, in our earlier experiments (Chmielarz, unpublished data) , results of seed viability after thawing, determined in TTC test differ from results of germination and emergence obtained in germination and emergence tests.
This study revealed the negative effect of seed desiccation on seeds that were stratified before storage in LN or at À3°C for 1-2 years. Tylkowski (1990) observed a small decrease in the germination (from 73% to 64%) of European ash seeds that were subjected to desiccation after stratification and then stored at À3°C for 19 months, even if they were desiccated at < 15°C. The germination did not decrease (Tylkowski 1990 ) when the seeds dried after stratification to WC 12% (0.14 g g À1 ) were stored at 3 or À3°C for 11 months. This suggests that the major factor causing the decrease in germination could be the time of seed storage after stratification and drying, and not the fact of their drying, as reported also by Jones et al. (1998) . Kamin´ski (1974) showed for apple seeds (cv. Antono´wka) that those nearly completely prepared for germination were the least sensitive to drying after stratification (on day 88 of stratification), as compared with seeds at an early stage of stratification.
Metabolically active hydrated tissue, such as seed tissue at the final stage of stratification , Leprince et al. 1992 , 1995 , is more easily damaged during dehydration than are tissues in which metabolism is slowed down. The scope of damage to seeds during deep dehydration depends on tissue WC and on conditions of desiccation, such as temperature, humidity and presence of oxygen. Those factors, in turn, affect cell metabolism (Leprince et al. 1995) , the appearance of free radicals (Atherton et al. 1993) , the degree of fatty acid peroxidation and the deesterification of phospholipids . In this study, desiccation was conducted on a metabolically active tissue, i.e., a seed tissue at the final stage of dormancy breaking (when the first seeds germinate) , Tylkowski 1998 . When seeds were stored after stratification, seeds' WC needed to be reduced, from about 60% to about 10%. When seeds were stored first and then stratified, germination and seedling emergence were much higher.
Seeds from only one growing season were available for this study. When analysing the results and formulating more general conclusions, it should be remembered that there may be some other differences between seeds of the same species collected in different years. These differences can result from changing weather conditions (Miura and Araki 1999) , i.e., the microclimate during seed maturation in different years, which in turn can affect the genetic information of seeds (Nonogaki 2006) . Genetic information can be modified at an early stage in the ontogenetic development of individual seeds or mother plants (Nonogaki 2006) . Thus, variation in gene expression during seed maturation can influence the degree of seed dormancy, as Nongerminated seeds: heal., healthy; dec., decayed.
Germination of nonfrozen seeds: 86.0% (1% healthy and 13% decayed). Germination after stratification (without desiccation): 84% (0% healthy and 16% decayed). Germination after stratification and desiccation (to WC 0.10 g g À1 ): 44% (33% healthy and 23% decayed).
observed in wild cherry seeds (Jensen and Eriksen 2001) , as well as physical, chemical and physiological changes in the embryo, endosperm or seed coat. Gene expression variance may also affect interactions among these tissues (Nonogaki 2006) . All of these could contribute to the differences in tolerance to deep dehydration and low temperatures among seeds collected in different years.
In conclusion, we determined the safe WC range limits for European ash seeds stored in LN (0.08-0.24 g g À1 ).
Our research also confirmed that the properly desiccated seeds could be safely stored in LN for 2 years rendering this method suitable for long-term germplasm storage.
Seeds desiccated after stratification developed secondary dormancy. The temperature (À3 or À196°C) and time of storage (1 or 2 years) of seeds dried to a safe WC range affected their germination and seedling emergence less strongly than did the time of stratification (i.e., before or after storage). The results of this study show that the European ash seeds can be cryopreserved in forest gene banks.
